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&&iant pmperty of the altenpating layer structure formed when the layers interfere constructively; because refledion 
1 1 1 1 ~ ~ ~  'IIII takes place throughout tbe bulk of the multilayer any deformation or disruption of the layer s t w t u m  can btmme a 

dekt. 

For the purpose of this paper we CmaSSify multilayer defects into two categories. Refects nucleated towads the 

pirrUre 1(a) and cue typically nucleated by particks or defects on the substmte prior to coating or by defects htmdud 
dwhq gepcwitiOn of the first few layers, but may also b caused by random fluchiations in the w i t i o n  pnor$ss, 
DuEing the multilayer deposition low fresueacy components of underlying layers are efficiently replicated by overlying 
layers, tbus particles new the base of the substrate result in deformation of the multilayer stnaure tbrwgbout its bulk. 
The resulting deformstion in multilayer structure cases a change in tlw phase of the reflected field which, if the size of 
the perturbation exceeds a criti~al size of approxiamtely 1.5nm in h&$u and lo(hun in width, Wts in a c l w p  in ske 

phase of m f l d  field we ten0 tbese defw 'phase defects'. 

start of ttw multilayer deposition process ppagate upwards through the multilayer during depositioa as illu&&d in 

printed image and therefore represents a defect in the multilaye?. BG+GUW these d e f w  4 I' ,#:&,I 

By way of coqtrast defects nucleated war or at the top of the multilayer coating shadow underiyimg l aym an8 
dereby attenuate the reflected field. Such defwts, illustrated in Figure l(b), are either inttoduced subsequent to 
rmrlriktyer degosition or &wing deposition of the top layers aad can fleet the multilayer reflectivity in one of two ways: 

(,a) if@ particle is opqw the bi&~ field dom mot pemtrat~ tke defect and tbe ampbde of the rnflwtsj 

(b) tbe particle can damage the multilayer structure in its vicinity, either duriog the embedding process or by 
subwquent mdtilayer growth, reducing the multilayer reflectivity which in turn decneases 

E v a  if th9 particle not remain embedded in the cwting the damage caused to the multilayer srructure itself can act 
a~ ;OR amplitude c b f m  bexiuse the mulrihyw aructum has been dsmaged in the region whew tlw paptiel@ was located. 

field is dimsly mdiiced; or 

the amplitude of tbe reflected field 

8 

(b) AmpIitude defa  n w 1 d  at thc top of thc multilrya 



2 Gmplitudedefeetrepair 
The basic principle of the amplitude repair method is to restore the local reflectivity by removing the particle, if it 

st i l l  exists and any damaged regions of the multilayer coating. This can be done by physically removing the particle 
using B focussed ion beam as &own in figure 2.  his pmais leaves behind a SWIOW crater in the mdtilayet, but if 
done in a properIy controlled maonex the reflectivity of the repahmi region can be restored to nearly defect-- levels 
and the effect of the defect on the printed image thereby mitigated. 

Substrate - ,I 
Figure 2 



termin% YP a% layers as the top layer of the multilayer which has to be taken into account. "he magnitude of this effect is 
dependent on the composition of the topmost surface layers and will be discussed in more detail below. 

The crater profile must be awfully controlled so as to minimise printability of the repaired region ia a 
lithogmp4ic tooL The layered struchm of a multilayer mirror means that all of the waves must be in phase with respect 
to ewh other within the multilayer itself, thus the optical path difference (OPD) for light ~fl!z!&d .bm a Gaussian- 
&ape$wtecisoftheform 

where n is the avemge diwtive W x  of the multilayer, h is the maximum depth of the crater, and o is the l/e radius 
of the mcec on the mask. The refractive index of the multilayer is given by the ratio of the wavelengths of light in 
vacuum (A) to that in the multilayer, and for a typical neac-nocmal incidence EUV multilayer at k13.43nm the 
nwltilayef period is 13.8OaIp giving a value of the refractive index of the multilayer (1-n) = 0.03. That is to say tbat the 
refractive W e x  of the multilayer is very nearly the same as for vacuum, thus the phase shift for a given cntef depth is 
just 0.03 times the profile of the crater itself. 

Assuming that the crater profile is gentle enough that light is not scattered outside of the pupil the dominant 
effect of the crater phase structure within the process-window of the lithographic tool is due to &focus, and it can be 
shown wing -ts based OD the transport of intensity equation3 that the maximum contrast C,, within the 
process window of a lithographic tool is proportional to the gradient of the crater and is given by 

(1-n)N 
C, = 1.49 

n ( w / q 2  
whtm 6CWb i s  the spatial msolution of the lithographic tool facing the mask and N is the number of bilayers 
removed end we see that craters with gently sloping sides will not print 8s easily as craters with steep sides. For the 
cemval of 20 bilayers from a M d s i  multilayer mask we have Cd=0.89#/d, and to ens- that the contrast induced 
by the reperir is less than 1% we must have -9.456. In practical terms this means that for a 0.25NA 4x stepper system 
operatin% at 13.44~1 we need 20 bilayer (13Onm) deep mpair graters to be 4~ or more in diameter. 

To demonstrate this technique we milled craters in multilayers using a low energy (5OOeV) Ar ion mill. We chose 
to d using 5OOeV At ions incident at 50 degrees off normal to minimise penetration of the ions into the multilayer 
ard thw damage to tbe multilayer structure itself and thereby preserve the reflectivity. Cratets of B depth of between 5 
and %l bi-laye~ thickness (30-130nm deep) w w  miued in multilayets consisting of 40 bi-periods of W S i  Qeposital on 
supqmlished Si wafers, the cefle!ctivity of which was typically 66% at 13.4nm prior to milling. We milled craters of 
appmxhWly 2mm diameter due to limitations on the spatial resolution of the ion gun in the sputter Auger system used 
for experiments. However oae benefit of producing such large cram was that we d obtain measyrements of 

An example of one of the deeper craters we have fabricated is shown in Figure 3. Figure 3(a) shows a secondary 
e l m  image of a 20 bi-law deep crater immediately after milling. The alternating light and dark bands ~llie the 
altersolte layers of MolywenwP and Silicon exposed as the top layer during crater manufacture. F i p  3(b) shows a 
profile of the crater taken wing a Zygo white light interferomMc microscope (top) and a section through the deepest 
paFt of the crater (lower). Note that the vertical scale is greatly exaggerated and that the milled region is 2mm m s s  

the Ew re&fiYi@ * sc.i8Dping mmm.m B f  rkie Mv& Jight ss3Jlw W-S) at LawreaEe &keb 
L4lbOmw4. 
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(a) SGCondary electroa image of a 20 bi-lam deep crater immediately after milling. Tbe alternating tight and dark bands are the 
alternating layers of Molybdenum and Silicon exposed during the maw manufacture. (b) Profile of the crater taken using a Zygo 

white lightdaoscope (top) and a Section thrwrgh the deepestpartof tbeaeter(lower). Note that the vertical scale is p d y  
exagsapted - tbe milled mgbu is 2mm across awl luhrrn deep, an aspm ratio of approxilnatcly 1ooQo:l. 

The milled crrrters were analyd for reflectivity variations at both the beamline 11.3.2 actinic inspection tool 
and the heamline 6.3.2 cefkmometer at the Advanced Light Source in Se&eley (ALS). Results of the high-mlution 
imption are shown below in Figure 4 - F i F  4(a) shows a 2D scan of the cpatef q i o n  and Figwe 4@) a horhmd 
line profile through the deepest part of the crater. Note that the ring structure resulting from alternately exposed layers 
of Mo and Si .me c M y  visible, with the m g h s  wbm the Mo layers ace exposed having lower reflectivity than the 
amas w b  Si f- tbe uppm layer. 





oxidation of the eqosed Mo byas, and we tentatively suggest that this is the cause of the observed demxm in 

To tbis end we are investigating the local appfieation of passivating capping laym to the r e p a i d  region usiug 
in-$h ion beam sputtering, illustrated in Figure 6, to inbibit oxidation of the exposed M o  layers. Fa the cmtm are 
milled wing a 5OOeV Ar ion beam as described above. A capping layer is locally applied to the repaired region by 
dimting the same ion beam onto a small sputter target, in this c ~ s e  Silicon, located near tbe repatr site, depositins a thin 
4yw of Fappieg mattvjal op the repaited region and little ma@W elamhere. Note, however, tht tbe Cappias laym 
crows alternate layers and thickness' of Mo and Si as the upper layens of the multilayer and if W cappin% 
material has a high cross-section in the E W  interference effects between E W  reflected from the multilayer and the 
wppiag h y w  cause in varirtions in nflectivity. Selection of the right material and thickness for the CaWpiDg layer is 
the&bre ewmtial in orda to coatrol retlectivity variations across the repaired region. Multilayer calculations indicate 
@atthe tvflecsivity va&tionacrossthecratercanbe nxhxxl~to 1.5% or less and achieving this in practice ismwntly 

m m v i t y  acrrws the repaired region. 

'Arkulhml 

In-situ secondary 
electron images 

BedoreSidepogition After Si deposiakn 

Fiwn6 
In-situ ion berun quttaing is used to apply a localised capping l a p  to the repired region. 

We have also developed techniques for the repair of defects nucleated in the base of the multilayer stack. This 
prwess, the basis of which bss been described elsewhere5, uses localised heating of the mulrilayer by an electrotp beam 
to induce a contraction tbrougbout the bulk of the multilayer as drown in Figure 7. The elevated temw in t4e 
@QD of the beam activates interdiffusion of the MoBi layers leading to growth of a silicide layer at the MdSi 
interfaces, a process that causes local contraction of the multilayer period in the heated region due to the diffkreoce in 
density W e e n  the silicide and the Mo and Si required to form the silicide. An elamn beam penetrates the rnultilaw 
allowing the oootraction to be dishibuted through a significant thickness of the multilayer, which is typically 40 or more 
bi-layers thick. By spregding out the ooncraction over a large number of layers a relatively large displacement in the top 
layem (of the order of m) can be indunxl with a relgtivdy small contraxion of the individual layer period pnd thus, 
comparatively little shift in the peak reflectivity wavelength of the multilayer 

I 



To effstiwdy rnoldel this repair process we used M~-CarIo modeling to calculate the e n q y  &position 
pfib fot electron beams of various eneqies6, and the calculated energy deposition profile of 10 and 16kev electrons 
in 13n 80 bilayer Mo/Si multilayer stack on a ULE substrate is illustrated in Figure 7. This energy deposition profile is 
used to caldate fhe expected temperahm: distribution in the multilayer using bnite elemeat modeling and, heace, the 
expr?cted silidde growth rate'. The layer contraction calculated from the silicide p w t h  is then applied to data on the 
layer sDwturst formed 88 tk multilayer grows over a defect to accurately model the repair of a phase defm Tbe 
mad&$ of W c m m  sbown in Figure 8. TbR modeled d w m n  energy deposition profile of a 10kV el.lectroo 
becun with a current of S S p i  into a lOOpm FWHM Gaussian spot was applied for 9OOtns to the layer structure W 
results from dqmiting an 8O-bilayer pair MdSi multilayer on a lo(hrm spherical particle under optimum smathing 
d t i o l t s .  Tb layersbructure before repair is shown in the upper left and the top layers after repair are &own on the 

-to a mp& tbat gives a flat phme for the refkcred field. 
uppserrigbt. The line Se!aiom  low are &*profiles at the top, P and 1P layers of the repaired *OQ @at 

10kV 16kV 

4- 0 
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4 Defect classification and review 
We have described hw different smtegies for =pairing phase and amplitude defects n u c l e d  respectively in the 

bottom of the top layers of the multilayer stack. But in order to swxssfully apply these distinct repair strategies to 
mask blank defects it is necesssry to have some means of distinguishing between the two. Preliminary caiculatioos 
indiwte that such classification of defect types can be done using a high-resolution actinic mask inspection mi-. 
-fit& defects, 85 the implies, @&ly @ffst the ampbndR Qf tbe reflected fidd and b k  S m d l y  
through focus. phese defects, on the other hand, display a conftast reversal through focus provided the numeric4 
aperture (NA) of the objective is sufficiently high that the mount of light scattered outside of the objective pupil is 
negligible. M a l  image simulations illushating this through-focus effect are shown in Figure 9, inspection of which 
shows tbe Mmem in through-focus be&aviow of phase and amplitude defects which can be exploited for dew 
cbssific&on prior to repair. The same mi~oscope could, of course, be used for review of the repair to determine b w  
sucmssful it bas been and whether furthet repair is required, and we are currently in the process of investigating s&able 
&ip$ for a mask microscope system F u r t h m ,  a tecent study of EUV mask blank cost indicated @at t&e u$e of 
tb glinp3jQlde awl phgse defect repair combiwxl with defect review using an EUV microscope might allow the tar@# 
Befwt density to be relaxed by two to four times.' 
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We have pmented two different strategies for repairing phase aml amplitude defects ou~lwted respectively in the 
bQttom or the top layem of the multilayer stack. Amplitude defects can be mpaired by local removal of the upper layers 
of the aWilaym stack to pmduce B SmQOth, shallow and slowly varying crater in tJw multilayer surface. Properly 
effected this mmws the defective region of the multilayer and substantially restores the mltihyw refleonivity in tJw 
repaired region snd introduces only a small phase shift over the repabed area that will not print within the process 
window of the printjng ml. We have pwfornml p r e l i D l i ~  experiments to invmtigae tbe feasibility of tbis tahniqw 
sad bye prodwed rrartefs up to 20 bi-laym deep in Mdsi  mu1ti)aYrrs aasl obserwd B r&ctivity dtop in tb mpaird 
e o n  which i s  cowistent with layer removal plus an additional amount conshtent with the b w n  reflectivity 
degredetion of exposed Mo layers. 

W@ bw also furtber refined the elwtron beam phase &f@t repair strategy by incorporating the energy deposition 
profile of the elearon beam into our thermal calculations which has embled refinement of the tool spwifications 
required for this tecbique. strategies for defect classification based on an actinic mask iaspection mi- have 
lmn developed and work is currently in progress to investigate suitable designs for implepleatiag such m hapectioa 
system for Euv reticles. 
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